The prolonged incubation of human spermatozoa in vitro was found to induce a loss of motility associated with the activation of mitochondrial reactive oxygen species generation in the absence of any change in mitochondrial membrane potential. The increase in mitochondrial free radical production was paralleled by a loss of protein thiols and a concomitant rise in the formation of 4-hydroxynonenal, an electrophilic product of lipid peroxidation that was found to directly suppress sperm movement. These results prompted a search for nucleophiles that could counteract the action of such cytotoxic aldehydes, as a means of ensuring the long-term survival of spermatozoa in vitro. Four nucleophilic compounds were consequently assessed (penicillamine, homocysteine, N-acetylcysteine, and mercaptosuccinate) in three species (human, rat, and horse). The results of this analysis revealed drug and species specificity in the manner in which these compounds affected sperm function, with penicillamine conferring the most consistent, effective support. This prosurvival effect was achieved downstream of mitochondrial reactive oxygen species generation and was associated with the stabilization of 4-hydroxynonenal generation, the preservation of sperm thiols, and a reduction in 8-hydroxy-2 0 -deoxyguanosine formation. Theoretical calculations of Fe-S and Cu-S bond distances and corresponding binding energies suggested that the particular effectiveness of penicillamine may, in part, reflect the ability of this nucleophile to form stable complexes with transition metals that catalyze lipid peroxidation. The practical implications of these findings were indicated by the effective preservation of equine spermatozoa for 8 days at ambient temperature when the culture medium was supplemented with penicillamine.
INTRODUCTION
Oxidative stress is known to be a major factor regulating the vitality and functionality of mammalian spermatozoa in vitro [1] . These terminally differentiated cells are particularly vulnerable to such stress because their limited cytoplasmic space places restrictions on both the concentration and distribution of intracellular antioxidant enzymes that protect most cell types from free radical-mediated damage. The vulnerability of spermatozoa to oxidative attack is also enhanced by the presence of abundant substrates for free radical attack in these cells, including the DNA in the sperm nucleus and the unsaturated fatty acids that abound in the plasma membrane [2, 3] . In the male tract this vulnerability is countered by the presence of highly specialized extracellular antioxidant enzymes such as glutathione peroxidase 5 and extracellular superoxide dismutase, as well as free radical scavengers, such as acetylcarnitine, reinforced by high cellular densities that result in low ambient oxygen tensions [1, 4] . At the moment of ejaculation, the spermatozoa are protected from oxidative stress by the complex array of free radical scavengers and antioxidant enzymes that are known to be present in seminal plasma [1, 5] . However, when these cells are washed free of seminal plasma and suspended in simple defined culture media in preparation for assisted conception, the extracellular antioxidant protection that has been provided to spermatozoa from the moment of spermiation is suddenly removed. As a result, washed sperm suspensions are particularly vulnerable to oxidative stress, which may originate in a number of ways. First of all, the intrinsic metabolism of mammalian spermatozoa may result in the generation of reactive oxygen species (ROS) as a consequence of electron leakage from the mitochondrial electron transport chain [6] . Secondly, extrinsic sources of free radicals, particularly contaminating leukocytes, may also damage the spermatozoa and limit their potential for fertilization [7, 8] . Thirdly, some culture media are supplemented with transition metals, such as iron or copper, that exacerbate the damaging effects of ROS on sperm function [9] . Finally, most in vitro culture media do not contain any antioxidant supplementation other than albumin. As a result of these factors, the prolonged in vitro incubation of spermatozoa in conventional culture media leads to the spontaneous generation of peroxidative damage to the point that sperm function, and ultimately vitality, is lost [10] .
In order to address this problem from a reproductive technology perspective, it is important that medium supplements are developed that counteract the oxidative stress associated with prolonged in vitro culture. In this context, it has been known since the 1950s that the thiol content of mammalian spermatozoa is critically important for the maintenance of sperm function [11] . Accordingly, xenobiotic alkylating agents that covalently bind the thiols expressed in mammalian spermatozoa are also known to induce a rapid loss of motility [12, 13] . Because lipid peroxidation is associated with the generation of electrophilic cytotoxic aldehydes such as 4-hydroxynonenal (4HNE), acrolein, and malondialdehyde [1, 10, 14, 15] , it seems likely that the loss of sperm motility observed during the induction of oxidative stress in vitro involves the ability of these electrophiles to complex with those protein thiols that are critically involved in the regulation of movement [1, 2] . If this is the case, then membrane-permeant nucleophilic compounds might be of some practical value as a means of removing these cytotoxic aldehydes before they have a chance to covalently bind critical sperm proteins and disrupt motility. In order to address this possibility, we have systematically examined the changes associated with sperm senescence in vitro and evaluated a number of different smallmolecular-mass thiols for their relative ability to sustain sperm motility in three different target species (horse, rat, and human). The results encourage the view that certain of these compounds will be of value to the reproductive biotechnology industry as a means of prolonging the longevity of mammalian spermatozoa in vitro.
MATERIALS AND METHODS

Materials
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich. Biggers, Whitten, and Whittingham (BWW) medium containing 1 mg/mL polyvinyl alcohol instead of bovine serum albumin with an osmolarity between 290 and 310 mOsm/kg was used throughout these experiments [16] . The medium was also supplemented with 20 mM HEPES to maintain pH stability.
Preparation of Spermatozoa
Institutional and New South Wales State Government ethical approval was secured for the use of human and animal material in this study. Adult rats (;8 wk) from the institutional animal facility were asphyxiated and the epididymides were removed. Spermatozoa from the caudal region were obtained by retrograde flushing of the distal caudal epididymal tubules. Spermatozoa were gently released into BWW for a period of 10-15 min, prior to evaluation of sperm concentration with a hemocytometer. These cells were then diluted to a concentration of 5 3 10 6 /ml. Human spermatozoa were prepared on discontinuous Percoll gradients, as described previously [17] . The cells pelleting in the high-density region of the gradient were recovered, washed, centrifuged at 500 3 g, and resuspended at a fixed concentration of 5 3 10 6 /ml. Equine spermatozoa were collected from pony stallions held on institutionally approved premises using either a pony-sized Missouri artificial vagina (AV) or a modified Hannover AV, shortened by approximately 10 cm (Minitube Australia). The ejaculate was immediately diluted with two parts Kenney extender [18] to one part semen in 50-ml Falcon tubes. The extended semen was then kept at ambient temperature in a polystyrene box for transportation to the laboratory. The extended semen was subsequently fractionated on a Percoll gradient, using 40% and 80% Percoll fractions as described for human spermatozoa [17] . High-quality equine spermatozoa were recovered from the base of the high-density region of the gradient, washed with BWW, and finally resuspended at a concentration of 2 3 10 7 /ml. All sperm incubations were conducted at 378C in capped tubes.
Motility Analysis
For human and equine spermatozoa the movement characteristics of these cells were assessed with a Hamilton-Thorn motility analyzer (Hamilton-Thorn Research). The settings for human spermatozoa were negative phase-contrast optics, recording rate 60 frames/sec, minimum contrast 80, minimum cell size three pixels, low size gate 1.0, high size gate 2.9, low intensity gate 0.6, high intensity gate 1.4, nonmotile head size 6, nonmotile head intensity 160, progressive average path velocity (VAP) threshold value 25 lm/sec, slow cells VAP cutoff 5 lm/sec, slow cells straight-line velocity (VSL) cutoff 11 lm/sec, and threshold STR (straightness) .80%. Progressive cells were those exhibiting a VAP of .25 lm/sec and an STR of .80%. Approximately eight fields were assessed in order to generate data on an average of 207 (range 168-277) spermatozoa per sample. The computer-aided sperm analysis (CASA) settings used for equine spermatozoa were negative phase-contrast optics, recording rate 60 frames/sec, minimum contrast 70, minimum cell size four pixels, low size gate 0.17, high size gate 2.9, low intensity gate 0.6, high intensity gate 1.74, nonmotile head size 10, nonmotile head intensity 135, progressive VAP threshold value 50 lm/sec, slow cells VAP cutoff 20 lm/sec, slow cells VSL cutoff 0 lm/sec, and threshold STR .75%. Progressive cells were those exhibiting a VAP of .50 lm/sec and an STR of .75%. For each sperm sample, an average of five fields were assessed to generate data on at least 200 cells.
Rat spermatozoa are so large that we found it difficult to obtain accurate data on the movement characteristics of these cells using our CASA system. We therefore determined both the curvilinear velocity (VCL) and the VSL for these spermatozoa using the frame advance facility in a video system featuring a JVC color video camera (TK C1381; Gencom Technology Ltd.) connected to a Panasonic Blu-Ray disc recorder (DMR-BW750; Panasonic Australia) running in PAL (25 frames/sec) mode. Individual tracks were reconstructed on acetate overlays and measured with a digital map measurer (model DM-138; Fuji Xerox Supplies).
Evaluation of Nucleophilic Thiols
Rat (5 3 10 6 /ml), human (5 3 10 6 /ml), and stallion (20 3 10 6 /ml) spermatozoa were incubated with a selection of thiol-containing compounds In order to gain an understanding of how the physicochemical properties of the individual thiols might account for their differing bioactivity, the molecular structures for these compounds were constructed de novo using hyperchem 7 (Hypercube, Inc.). Each thiol-ligand structure was geometry optimized using the semiempirical PM3 calculation method [19] . Employing these optimized structures, the log P values were calculated for each ligand. The copper (II) and iron (III) complexes of each ligand were then assembled into a 1:2 metal:ligand geometry. Further PM3 geometry optimizations were performed and the copper/iron-thiol bond distances were calculated from the geometry-optimized metal complexes. The binding energies for each intact copper complex, and its respective dissociated form, were then calculated from the PM3 geometryoptimized structures.
Flow Cytometry
Flow cytometry was performed using a FACs-Calibur flow cytometer (Becton Dickinson) with a 488 nm argon-ion laser. Emission measurements were made using 530/30 band-pass (green/FL-1), 585/42 band-pass (red/FL-2) and .670 long-pass (far red/FL-3) filters. Forward scatter and side scatter measurements were taken to generate a scatter plot, which was used to gate for sperm cells only, excluding any larger contaminating cells. All data were acquired and analyzed using CellQuest Pro software (Becton Dickinson) with a total of 10 000 events collected per sample. Mitochondrial superoxide generation was detected with MitoSOX Red (MSR) in the presence of Sytox green to assess cell viability, as described previously [6, 20] . Mitochondrial membrane potential was assessed with JC-1 [20] , oxidative DNA damage (8-hydroxy-2 0 -deoxyguanosine [8OHdG]) was measured with the OxyDNA Assay (Calbiochem) in combination with LIVE/DEAD fixable dead cell stain (Molecular Probes) [20] , and 4HNE was detected with an anti-4HNE antibody (Jomar Diagnostics). For the latter assay, spermatozoa were suspended in 49 ll BWW and 1 ll anti-4HNE antiserum was added for 30 min at 378C. Cells were spun down at 600 3 g for 5 min and washed twice with BWW. They were then resuspended in 99 ll BWW and 1 ll secondary antibody (Alexafluor 488 goat anti-rabbit IgG) was added for 10 min at 378C. Cells were centrifuged again, washed 23 with BWW, and resuspended in 400 ll BWW for analysis. 4HNE levels were monitored in the entire sperm population, and every assay included untreated and secondary antibody only controls.
Imaging Thiol Expression by Human Spermatozoa
Thiol expression was monitored by flow cytometry using 2 nM BODIPY FL N-(2-aminoethyl) maleimide (BODIPY-NEM; Molecular Probes) as well as a gel imaging procedure. For the imaging experiments, human spermatozoa, at a cell concentration of 10 3 10 6 /ml, were incubated with 4HNE (100 lM) or, as a positive control, arachidonic acid (50 lM) at 378C in a flat-bottomed sterile container for up to 48 h. Unsaturated fatty acids, including arachidonic acid, have been identified as powerful inducers of mitochondrial ROS generation in human spermatozoa [21, 22] via mechanisms that exploit the amphiphilic properties of these molecules. At 24 and 48 h the spermatozoa were lysed in SDS extraction buffer containing 2% SDS, 0.1875 M Tris pH 6.7, 10% sucrose, and protease inhibitor cocktail mix tablet (Roche Diagnostics Ltd). Protein concentration was subsequently determined using the Pierce BCA (bicinchoninic acid) protein assay kit (Pierce). Ten micrograms of protein in 50 ll of SDS extraction buffer was incubated with BODIPY-NEM at a final concentration of 50 lM for 30 min at room temperature in the dark; 2 lg of AITKEN ET AL.
protein was added 1:1 with loading buffer containing b-mercaptoethanol at a final concentration of 0.2 M in order to reduce all nonalkylated cysteine residues. The samples were then loaded into the wells of a 4%-20% nUView NuSep precast gel incorporating a proprietary fluorescent protein marker. The gels were run at 120 V (stacking) and 180 V (resolving) for approximately 1.5 h in the dark before being imaged on a Typhoon Trio Imager (GE Healthcare). For this purpose, the precast gel was removed from the glass plates and placed directly onto the surface of the Typhoon Trio Imager. The tray was set to user select and the area of the gel outlined for scanning. The focal plane was set at ''platen'' and the photomultiplier was set between 400 and 550 V with 100-200 lm resolution. A fluorescence image was acquired by using the green laser (k 532 nm) in combination with the 526SP filter. The acquired image was then sent to Imagequest (GE Healthcare) for analysis.
Statistical Analysis
All experiments were replicated at least three times on independent samples and the results analyzed by one-and two-way ANOVA using the Super-ANOVA program (Abacus Concepts Inc.) on a MacIntosh G4 Powerbook computer; post hoc comparison of group means was by Fisher protected least significant difference. Paired comparisons were conducted using a paired t-test. Differences with a P value of ,0.05% were regarded as significant.
RESULTS
Oxidative Stress and Sperm Longevity
When human spermatozoa were incubated at 378C for 3 days they exhibited a time-dependent loss of total motility (P , 0.001) and a reduction in the percentage of progressively motile cells (P , 0.001; Fig. 1, A and B ). This loss of motility was associated with a corresponding increase in mitochondrial ROS generation (P , 0.001; Fig. 1C ) in the absence of any significant change in mitochondrial membrane potential (Fig.  1D) . The oxidative stress associated with the induction of mitochondrial ROS generation was reflected in a parallel increase in the generation of 4HNE, a small-molecular-mass cytotoxic aldehyde generated as a consequence of lipid peroxidation. Consistent with the generation of electrophilic aldehydes during prolonged in vitro culture, spermatozoa exhibited a loss of nucleophilic protein thiols susceptible to alkylation by BODIPY-NEM over a 24-h period (Fig. 1F) . In order to determine whether the appearance of 4HNE was causally related to the loss of motility, human spermatozoa were directly exposed to doses of 4HNE that are typical of cells under oxidative stress, where the concentration of this aldehyde can range up to 5 mM [23, 24] . The direct addition of 4HNE (6.25-100 lM) to human spermatozoa resulted in a highly significant dose-dependent loss of motility over 24 h (Fig. 1G) in concert with the extensive alkylation of free thiols (Fig. 1H) . Time-dependent studies also indicated that the direct addition of 4HNE to these cells elicited a significant acceleration of the changes in mitochondrial ROS and motility previously observed on prolonged incubation in vitro. Thus, 4HNE (100 lM) induced a highly significant rise in mitochondrial ROS generation that was significant within 15 min (Fig. 1I ) and a consequent reduction of sperm motility that was clearly evident within 2 h (P , 0.001; Fig. 1J) .
If the generation of electrophilic aldehydes such as 4HNE was causally related to the loss of sperm movement then we reasoned that it should be possible to improve the survival of spermatozoa in vitro by incubating them in the presence of membrane-permeant nucleophiles. It was anticipated that the latter would covalently bind the cytotoxic lipid aldehydes as they were generated, neutralizing their ability to form adducts with molecules essential for the maintenance of sperm function [23] . In order to explore this possibility, human spermatozoa were incubated for 48 h at 378C in the presence or absence of four nucleophilic thiols: PEN, NAC, MS, and HC (Table 1) .
The results of this analysis revealed an interesting range of responses to the presence of these compounds. PEN exerted a highly significant stimulatory effect on both motility and progressive motility, which was optimal at 0.125-0.5 mM (P , 0.001; Fig. 2A ). NAC had no significant effect on the percentage of motile cells after 48 h but significantly stimulated progressive motility (Fig. 2B) . By contrast, MS supplementation for 48 h significantly inhibited motility (P , 0.01) and suppressed progressive motility at the highest doses tested, although the latter did not reach statistical significance (Fig.  2C) . However, in the case of HC, these negative impacts were extremely consistent and highly significant (P , 0.001) such that at the highest dose tested (1 mM) less than 10% of the spermatozoa were still motile, and less than 5% were progressively motile after 48 h incubation (P , 0.001; Fig.  2D ).
These experiments clearly identified PEN as the thiol of choice for maintaining human sperm function in vitro. Furthermore, CASA analyses (Fig. 3A) revealed that the stimulatory effects of this compound did not just influence the percentage of motile cells but also extended to the quality of sperm movement, generating significant increases in VSL (P , 0.001), VCL (P , 0.01), VAP (P , 0.01), and percentage rapid (P , 0.01). Other criteria, such as amplitude of lateral head displacement (ALH) and linearity, remained unchanged (data not shown), suggesting a PEN-dependent increase in flagellar beat frequency rather than beat amplitude.
The beneficial effects of PEN on human sperm function were not associated with the suppression of mitochondrial ROS generation (Fig. 3B ), which remained unchanged over a 48-h period. However, PEN did stabilize the levels of HNE accumulation in these cells. Thus, although the percentage of HNE-positive cells increased from 60% to 90% between 24 and 48 h in the untreated control samples, in the presence of PEN this figure stabilized such that after 48 h, 4HNE positivity was significantly reduced relative to the control incubations (Fig. 3C) . Interestingly, HC, a thiol that significantly disrupted human sperm motility (Fig. 2D) , accelerated the accumulation of 4HNE in these cells, generating close to 100% positivity after just 24 h (Fig. 3C) . Furthermore, the accelerated generation of electrophiles, such as 4HNE, by spermatozoa following HC exposure significantly enhanced the alkylation of nucleophilic amino acids in human spermatozoa within 24 h (Fig. 3D) , whereas PEN maintained the thiol status of these cells at a level above that of the untreated control samples (Fig.  3D ). Other markers of oxidative stress such as 8OHdG were also significantly ameliorated by the presence of PEN, emphasizing the potential beneficial effects of this compound from a sperm storage perspective (Fig. 3E) .
The beneficial effects of PEN therefore appear to be exerted downstream of ROS generation and include the direct interception of electrophilic aldehydes generated by spermatozoa as they become senescent. In addition, PEN may have also prolonged cell survival by chelating transition metals, such as iron and copper, which catalyze the lipoperoxidative process. In Table 1 we present calculations indicating that the predicted Fe-S and Cu-S bond distances are shorter with PEN than with any of the other thiols tested, suggesting that this compound creates particularly stable complexes with these metals. The low amount of total energy involved in the formation of Cu-PEN complexes, presented in Table 1 , also suggests that this thiol is a highly effective transition metal chelator. The log P (a measure of lipophilicity) values for PEN and MS indicate that these compounds should readily partition into biological membranes, whereas the distribution coefficient (log D) at SPERM SURVIVAL IN VITRO pH 7 suggests that at physiological pH values, PEN should be the most membrane permeant of the compounds assessed.
Impact of PEN on Rat and Stallion Spermatozoa
In order to determine whether the positive impact of PEN on sperm motility extended to other mammalian species, additional studies were conducted on caudal epididymal rat and ejaculated equine spermatozoa. Rat spermatozoa are difficult to maintain in a viable state in vitro for more than 24 h, and their large size did not permit accurate CASA measurements of motility. Manual frame-by-frame video analysis of rat spermatozoa was therefore conducted following 24 h incubation at 378C in order to assess the prosurvival impacts of nucleophile addition (Fig. 4A) . These studies demonstrated that PEN exhibited a dramatic prosurvival effect on these cells,
1. An analysis of the changes exhibited by human spermatozoa during prolonged incubation in vitro at 378C. Over a period of 72 h the spermatozoa exhibited significant motility loss whether this was expressed as total motility (P , 0.001; A) or progressive motility (P , 0.001; B). This motility loss was associated with an increase in mitochondrial ROS generation (P , 0.001) detected with MSR (C) in the absence of any significant change in mitochondrial membrane potential as measured by JC-1 (D). In concert with the loss of sperm movement there was a highly significant increase in 4HNE generation (P , 0.001; E) indicating enhanced levels of lipid peroxidation. F) Prolonged incubation of human spermatozoa in vitro resulted in a spontaneous loss of thiols available for alkylation with BODIPY NEM; T0 ¼ status at the beginning of the incubation period; T24 ¼ status after 24 h incubation. G) Addition of physiological concentrations of 4HNE to human spermatozoa resulted in a dose-dependent loss of sperm movement after 24 h. H) Addition of 100 lM 4HNE to human spermatozoa resulted in a dramatic loss of free thiols within these cells compared with the untreated negative control (Con) as detected with the BODIPY-NEM. A similar loss of thiols was observed if oxidative stress was artificially created in these cells through the addition of 50 lM arachidonic acid (AA) as a positive control. aT ¼ a-tubulin loading control. I) A time-dependent study indicated that direct addition of an amount of 4HNE typical of oxidatively stressed cells (100 lM) generated a significant increase in mitochondrial ROS generation within 15 min (P , 0.001) and that this increase in ROS generation was associated with a significant loss of motility (P , 0.001; J), which was particularly marked after 2 h. Data correspond to mean values 6 SEM. For all experiments n ¼ 3 independent samples. *P , 0.05, **P , 0.01, ***P , 0.001 for differences compared with untreated control samples.
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significantly enhancing both the percentage of motile cells (P , 0.05) and the quality of sperm movement as reflected in assessments of VSL (P , 0.01) and VCL (P , 0.01; Fig. 4B ). MS had the opposite effect on rat spermatozoa and was extremely inhibitory to sperm movement (Fig. 4C) , reflecting the negative effects observed with human spermatozoa. By contrast, HC, which had exhibited a powerfully inhibitory effect in human spermatozoa, significantly enhanced VCL (P , 0.05) in rat spermatozoa, increasing this value from 64.06 6 15.5 lm/sec in the controls to 261.80 6 44.36 lm/sec, while having no significant impact on motility or VSL (data not shown). NAC behaved similarly to HC in that there were no significant impacts on motility or VSL; however, VCL was significantly improved, increasing from a control value of 67.75 6 11.91 to 239.33 6 27.29 (P , 0.05) and 202.72 6 13.69 (P , 0.001) at 0.5 and 1.0 mM respectively.
The impact of nucleophile addition on equine spermatozoa after 24 and 48 h incubation at 378C is summarized in Figure 5 . After 24 h incubation, around 40% of the untreated control spermatozoa were still motile, and in 10% of the sperm population this motility was progressive (Fig. 5A) . Both of these parameters were significantly enhanced by PEN and NAC, whereas HC had a significant inhibitory effect (Fig. 5A) . After 48 h, percentage motility had declined still further, to around 15%, but was significantly rescued by the addition of PEN (P , 0.001) and NAC (P , 0.01) in a dose-dependent manner (Fig. 5B) . In terms of progressive motility, only PEN showed any significant capacity to improve the quality of sperm movement (P , 0.01), whereas both HC and MS were significantly inhibitory (P , 0.05). The selective ability of PEN to enhance the survival of equine sperm movement in vitro was confirmed in other CASA parameters (Fig. 6) . Thus, after 48 h incubation, PEN significantly influenced sperm movement, consistently generating significant increases in VCL (Fig. 6A) , VAP (Fig. 6B) , and VSL (data not shown). The presence of PEN was also significantly associated with increased ALH (P , 0.001), suggesting an impact on beat amplitude as well as beat frequency in this species. In contrast, the highest dose of HC significantly impeded STR (P , 0.01; data not shown), VSL (P , 0.05; data not shown), and VAP SPERM SURVIVAL IN VITRO (P , 0.05; Fig. 6B ) after 48 h incubation, in keeping with the negative impact of this nucleophile on progressive motility (Fig. 5 ).
In keeping with the human sperm 4HNE data presented in Figure 3 , treatment of stallion spermatozoa with PEN was also found to reduce 4HNE values over 24 h, whereas HC had no impact on the relatively high hydroxyalkenal values consistently recorded for this species (Fig. 7A) . Interestingly, exposure of rat spermatozoa to PEN and HC generated a different outcome, because in this case both PEN and HC suppressed 4HNE formation (Fig. 7B ), in keeping with the finding that both of these nucleophiles supported the preservation of sperm movement in this species (Fig. 4A) .
Ambient Temperature Storage Medium
Given the specific ability of PEN to preserve sperm motility in all three species examined, we next investigated the biotechnology implications of these findings in the context of an ambient temperature storage medium for stallion spermatozoa. For this assessment, these cells were resuspended in BWW supplemented with PEN (1 and 2 mM) and incubated for 8 days in vitro at ambient temperature (218C). The results of   FIG. 3 . Impact of PEN on human spermatozoa. A) CASA analysis illustrating the impact of PEN on various movement characteristics of human spermatozoa after 48 h incubation at 378C (n ¼ 5 independent samples). B) PEN had no impact on the generation of mitochondrial ROS but did significantly limit the accumulation of 4HNE over 48 h (C). HC had the opposite effect, significantly accelerating the accumulation of HNE in these cells (n ¼ 3). D) HC also induced a significant loss of cysteines that could be alkylated by BODIPY-NEM, whereas PEN maintained thiol expression at a high level after 24 h incubation in vitro (n ¼ 4; representative profile shown). E) Impact of PEN on the accumulation of 8OHdG over 24 h at 378C, demonstrating the ability of this compound to counter oxidative stress (n ¼ 4). Data correspond to mean values 6 SEM; *P , 0.05, **P , 0.01, ***P , 0.001 for differences compared with untreated control sample.
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this investigation confirmed the practical value of PEN supplementation in the preservation of equine sperm motility, because in the presence of this nucleophile around 50% of the cells were still motile after 8 days in BWW, compared with only 15% in the controls (P , 0.01; Fig. 8 ).
DISCUSSION
The results obtained in this study indicate that the timedependent loss of human sperm motility in vitro is associated with the onset of ROS generation from the sperm mitochondria (Fig. 1C) . This activity creates a state of oxidative stress and initiates a lipid peroxide cascade that culminates in the generation of small-molecular-mass cytotoxic aldehydes such as 4HNE. The latter is a powerful electrophile that has been associated with the pathogenesis of a wide range of disease states, including neurodegenerative conditions, atherosclerosis, cataract formation, and cancer [23, 24] . By covalently modifying proteins containing susceptible nucleophilic residues (e.g., lysine, histidine and cysteine), 4HNE is capable of disrupting a wide range of cellular functions and, in the case of spermatozoa, of precipitating the changes associated with sperm senescence and apoptosis [20, 25] . This apparent link between sperm senescence in vitro and oxidative stress (Fig. 1) raises important questions concerning the initiation of electron leakage from the mitochondria and the strategies that might be employed to ameliorate this situation.
In terms of etiology, it is clear that the increase in mitochondrial superoxide generation does not involve a primary loss of mitochondrial membrane potential (Fig. 1D) , in confirmation of previous findings [6] . Mitochondrial ROS generation by mammalian spermatozoa appears to be an early, if not the earliest, sign that the intrinsic apoptotic cascade has been activated [20] . It has been proposed that spermatozoa are normally prevented by defaulting to an apoptotic state by virtue of prosurvival factors, such as prolactin, that interact with receptors on the cell surface and serve to maintain the phosphatidylinositol 3-kinase/Akt signal transduction pathway in an active, phosphorylated state [20, 26] . As long as Akt is phosphorylated, the cells are viable and motility is maintained. However when Akt phosphorylation is lost, spermatozoa default to an apoptotic state and exhibit a rapid loss of functionality [20] . Thus, one of the reasons that mitochondrial ROS might be initiated when spermatozoa are incubated for prolonged periods of time in vitro is that the culture medium (typically a modified Tyrode solution such as BWW, supplemented with nothing more than lactate, pyruvate, and glucose) lacks the appropriate mix of prosurvival factors that preserve sperm function in vivo and prevent these cells from defaulting to apoptosis.
An additional possibility is that spermatozoa incubated in vitro tend to become apoptotic because conventional culture media also lack any supplementation with antioxidants. By contrast, in vivo, both the male and female reproductive tract fluids are endowed with a wide variety of antioxidant enzymes and small-molecular-mass free radical scavengers to protect the spermatozoa [1, 5, 27] . In the absence of extracellular antioxidants, spermatozoa are vulnerable to oxidative attack, which may, in turn, facilitate the entry of these cells into the intrinsic apoptotic pathway [20, 28] . In this context, the observation that 4HNE can activate mitochondrial ROS generation in human spermatozoa (Fig. 1I) suggests the existence of a positive feedback loop whereby the metabolic products of lipid peroxidation increase free radical generation by the mitochondria, or NADPH oxidases such as NOX 5 [28] , creating yet more oxidative stress and yet more mitochondrial superoxide production in a vicious cycle. Thus, the mild oxidative stress experienced by spermatozoa during the initial stages of in vitro culture may become amplified with the passage of time to the point that motility is lost when the lipoperoxidative lethal end point for each cell is reached [2, [29] [30] [31] .
The finding that mammalian spermatozoa succumb to oxidative stress when incubated for prolonged periods of time in vitro opens up possible strategies for the preservation of these cells from an assisted reproduction standpoint. Specifically, if powerful electrophilic aldehydes such as 4HNE are capable of suppressing sperm motility, then we should be able to reverse this situation by deploying nucleophilic scavengers FIG. 4 . Changes in the movement characteristics of rat spermatozoa following exposure to thiols for 24 h at 378C. A) Manual frame-by-frame tracking of rat spermatozoa, illustrating the positive effects of both PEN and HC on the movement characteristics of these cells. B) Dosedependent analysis of the impact of PEN on motility, VSL, and VCL after 24 h incubation, illustrating the powerful stimulatory action of PEN on rat sperm behavior. C) MS, in contrast, severely inhibited rat sperm motility in a dose-dependent fashion. The doses of thiol employed were 0, 0.125, 0.25, 0.5, and 1.0 mM. Data correspond to mean values 6 SEM; n ¼ 3 independent samples. *P , 0.05, **P , 0.01, ***P , 0.001 for differences compared with untreated control sample.
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to covalently bind these cytotoxic products of lipid peroxidation and limit their bioavailability. Four nucleophilic thiolcontaining compounds were used in this study, PEN, MS, NAC, and HC. Although these compounds are structurally similar, their impacts on the preservation of sperm function were extremely varied. HC, for example, was cytotoxic towards human and stallion spermatozoa but induced a significant increase in VCL in rat spermatozoa (Fig. 4A) . MS, on the other hand, was extremely inhibitory towards sperm movement in the rat (Fig. 4C ) but less toxic to equine and human spermatozoa. The reasons for such variability are unknown but presumably reflect differences between species in patterns of metabolism and the molecular architecture of the spermatozoa. The most consistent finding was the stimulatory impact of PEN, which significantly enhanced sperm movement in all three species examined, improving both the percentage of motile cells and the velocity of sperm movement.
The stimulatory effect of PEN was reflected in the ability of this nucleophile to significantly reduce the cellular expression of 4HNE in all three species (Figs. 3 and 7) . Furthermore, in keeping with the central importance of 4HNE as a key regulator of sperm survival, HC was able to suppress 4HNE expression in rat spermatozoa and generate a corresponding increase in motility, whereas in human and horse spermatozoa the same compound accelerated 4HNE formation and thiol depletion, significantly compromising sperm longevity in vitro (Fig. 5) . Such variation in 4HNE levels may reflect differences between species in the way in which thiol-containing compounds are metabolized. In this context it should be recognized that the cellular actions of thiols are complex and may potentially involve changes in thioredoxin or glutathione availability, increased NADPH oxidase activity, reduced NO availability, impaired peroxidase activity, increased mitochondrial electron leakage, metal chelation, and the elimination of cytotoxic electrophiles. For its part, PEN did not appear to suppress mitochondrial ROS generation but did inhibit another oxidative stress marker in the form of 8OHdG (Fig. 3) . On the basis of these data, it seems likely that PEN does not interfere with the initiation of mitochondrial ROS generation in human spermatozoa but acts downstream at the level of lipid peroxidation.
The ability of thiols such as PEN to protect cells from the consequences of lipid peroxidation could reflect their ability to covalently bind aldehydes such as 4HNE and limit their bioavailability. In addition, the protective action of thiols may reflect their ability to chelate transition metals, such as iron and copper, which are responsible for catalyzing the initiation and propagation of lipid peroxidation reactions responsible for generating this aldehyde [2] . Although other compounds, such as HC or MS, can also bind to cytotoxic aldehydes and chelate transition metals [32, 33] the physicochemical characteristics portrayed in Table 1 suggest that PEN may be particularly well suited to such tasks. On the other hand, the toxic effects recorded in the presence of MS and HC might be attributed to FIG. 5 . Impact of thiols on the motility of equine spermatozoa. Data illustrate changes in motility and progressive motility after 24 (A) and 48 h (B) at 378C in BWW. Data correspond to mean values 6 SEM; n ¼ 9 independent samples. *P , 0.05, **P , 0.01, ***P , 0.001 for differences compared with untreated control sample (solid bar).
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their ability to inhibit glutathione peroxidase activity [34, 35] . PEN is also known to be more active than NAC in scavenging protein carbonyls arising out of oxidative stress [36] , and this particular thiol is also known to be a particularly active scavenger of peroxynitrite (ONOO À ) [37] . Moreover, this ONOO À scavenging activity has been linked with the attenuation of 4HNE expression in brain mitochondria [38] . We have previously argued that ONOO À might be a two-edged sword as far as spermatozoa are concerned, stimulating capacitation in the initial stages but then triggering apoptosis when exposure levels are more sustained [39] . Following this line of reasoning, it is tempting to speculate that ONOO À acts as the physiological mediator of sperm senescence and that PEN promotes sperm survival by 1) scavenging this powerful oxidant, 2) simultaneously chelating transition metals that catalyze the lipid peroxidation cascades responsible for lipid aldehyde formation, and 3) covalently binding to the latter to limit their intracellular availability.
Similarly, the protective effect of PEN on 8OHdG formation could also involve the scavenging of ONOO À , because this powerful oxidant is known to react with DNA and generate oxidative DNA damage [40] . However, the action of PEN in this context is clearly complex, not least because the effects of PEN were not linear, supraoptimal doses of this compound (1 mM) enhancing 8OHdG formation and inhibiting human sperm motility (Fig. 3, A and E) . Such observations may reflect the ability of high doses of this nucleophile to form mixed disulfides with key enzymes involved in both the base FIG. 6 . A and B) CASA analysis of equine sperm movement characteristics after 48 h incubation, illustrating the particular benefit conferred by PEN. Doses of thiol employed were 0, 0.125, 0.25, 0.5, and 1.0 mM. Data correspond to mean values 6 SEM; n ¼ 3 independent samples. *P , 0.05, **P , 0.01 for differences compared with untreated control sample (solid bar).
FIG. 7.
Contrasting effects of PEN and HC on 4HNE expression in stallion (A) and rat (B) spermatozoa over 48 h incubation at 378C in BWW. Note that whereas PEN (gray bars) significantly reduced 4HNE expression in both species, only in the rat did HC (open bars) have this effect, and only in this species did HC support sustained motility. Data correspond to mean values 6 SEM; n ¼ 3 independent samples for the horse, n ¼ 4 independent samples for rat. *P , 0.05, ***P , 0.001 for differences compared with untreated control sample (solid bar).
SPERM SURVIVAL IN VITRO
excision repair pathway, such as OGG1 [41] , and the control of flagellar activity through interaction with outer dynein arms [42] .
Regardless of the underlying mechanism, PEN clearly improves the survival of mammalian spermatozoa in vitro. The ability of this compound to act as a prosurvival factor has been previously suggested for bull spermatozoa [43, 44] , and PEN has also been identified as an important constituent of a defined in vitro fertilization medium for the hamster. [45] . Our studies demonstrate that this compound also has powerful prosurvival effects on rat, human, and stallion spermatozoa, not just preserving the motility of these cells but also, in the human at least, significantly lowering the incidence of oxidative DNA damage. The biotechnology implications of these findings are captured in Figure 8 , where we demonstrate that the motility of washed equine spermatozoa can be maintained for more than 7 days at an ambient temperature providing the medium is supplemented with PEN. We recognize that we have not examined an exhaustive list of nucleophilic thiols in this study and that a more extensive screening program may well identify compounds with greater bioactivity than PEN. Nevertheless, the compounds we have examined demonstrate the fundamental principle that nucleophilic thiols are able to prolong sperm survival, and thus create a platform for future studies to optimize the reagents that might be used to preserve sperm function in reproductive technology programs.
